The production of the deeply bound pionic atom through the nucleon knockout reaction is studied theoretically. The cross sections for the proton knockout reaction from 208 Pb are calculated by the distorted wave impulse approximation at the incident proton energy 400 MeV. The elementary process of pion-production is evaluated by a direct comparison with the nucleon-nucleon reaction. The resulting cross sections are found to depend on their kinematical conditions significantly. The possibility of measuring the deeply bound state in the experiment of this reaction is also discussed. § 1. Introduction
observe the deeply bound pionic atoms clearly.
In this paper, we present a theoretical analysis of the deeply bound pionic atom by considering the (p, 2P) reaction. Our study is timely since the experiments of this reaction are now in prog· ress at Research Center for Nuclear Physics, Osaka University (RCNP), and it is important to show whether we can find any signals of the deeply bound pionic atom. In this reaction, several advantages are expected compared with other reactions considered till now: (1) C(N-l,Z)@ ,.- The optimum choice of kinematical conditions to produce the pionic atoms through the (p, 2p) reaction can be easily realized by choosing the scattering angles, energies and momenta of the outgoing protons, hence this reaction may be favorable to the experiments observing the production of the deeply bound pionic atom. (2) The statistical errors due to the normalization and clarification of incident beam will be reduced by using the high intensity and high resolution proton beam. (3) This reaction makes the discussion simple because we do not need to concern the complex nucleus in the reactions, e.g., the (n, d) or (d, 3 He) reactions. Our theoretical study is based on the distorted wave impulse approximation (DWIA), which has been successfully applied to our previous study of the (p, 2p) reaction below the pion production threshold. 11 H 5 > We evaluate the production cross section of the pionic atom by applying our method with slight modifications. Because the (p, 2p) reaction can be treated as the direct process around the pion production threshold, we can determine the kinematics of the pion produced through this reaction by considering the Q-value, and protons' momenta and energies. Figure 1 shows the schematic diagram of this reaction. This paper is organized as follows: In § 2, we will explain the DWIA formalism for the pion production through the (p, 2P) reaction. The factorization approximation of the reaction mechanism, which has been justified in our previous studies, is also adopted. The description of the elementary process, the nucleon-nucleon (NN) scattering accompanied by the pion production, is given in § 3. To make our calculation manageable, we introduce several assumptions with respect to the pion production process. In § 4, we give the numerical results and discussion for the 208 Pb(p, 2p) 207 Pb"-reaction at the incident proton energy 400 MeV. We conclude our study in § 5. § 2. DWIA formalism
In this section, we explain the DWIA formalism used for the analysis of the nucleon knockout reaction with the production of the pionic atom. We consider this production process as a direct process, that is, the pion is produced through the elementary NN scattering and the residual part of the target nucleus behaves as a spectator. This treatment reproduces the nucleon knockout experiments in medium energy region fairly welt. Figure 2 shows the kinematical condition of this reaction in coplanar geometry.
>
In analogy with the nucleon knockout reaction, the DWIA transition matrix element for the A(a, ab')R (A=a®C and R=Jr-®C) reaction is written as (2) where nA is the number of nucleons in the target nucleus A, and 8LiC1riR) (eLJ(CbiA) ) is the fractional parentage coefficients for the reaction TR(NR), tb(vb) and t,.(v,.) are the isospin (and its projection) of the core C, the target A, the residual R, the particle b and the pion, respectively. 
where rap and kap are the relative coordinate and its conjugate momentum between the particles a and /3 in the total center of mass system (c.m.s.). For simplicity, we suppress the index of the isospin in (,il~,ill,·lr,abl,ila,Llb•>, which describes the process ab --->nab'. The distorted wave x1!!.(kap, rap) describes the incoming or outgoing particle a. The bound states of the b+ C and then+ C systems are denoted by ifhA(rbc) and c/>L"A" (r,c) .
To make the nine-dimensional integral more manageable, we assume the elementary process to be point like. This is achieved by replacing (,il~,il/,·1 r,abl ,ila,Llb·> appearing in Eq. (3), with (k~b'; , il~, il/, ·lr~ablk~b; , ila, Llb•>8(rab) 8(r,c-rbc) . The point like process of pion production denoted by r~ab is evaluated at the relative momenta k~b and k~b', which are the asymptotic ones between a and bin the initial and final states, respectively. This is equivalent to the asymptotic momentum approximation, which has been justified in our previous study of the nucleon knockout reaction.
Although the pion production is not point like, the main ingredients of this reaction are taken into account in our formalism fairly well.
With the help of these approximations mentioned above, TL •. JLA(f.l~f.l/,·; f.la.Ub) can be reduced to the three-dimensional integral:
where a=mc/mA is the mass ratio of the target A (mA) and the core C (me). Now, we can calculate the differential cross section for the specific values of L, ] and L,,
where Fkln is the kinematical factor for which we use the non-relativistic kinematics, Ed1t= Ea-Eb' is the energy difference between the outgoing particles a (Ea) and b' (Eb•), and SLx,LI=I(t,Tc, v,NciTRNR) (tbTc, V~ciTANA)t:hx(CniR)OLJ(CbiA)I 2 is the spectroscopic factor. The summation (r) of the transition matrix Tf; is taken over the spin components JLa, .u~. p;,., MA and Ma. § 
Elementary process; NN---> nNN
In this section, we consider the elementary process, that is, the pion production through the NN scattering, and explain how to incorporate this process into our formalism. Our analysis is based on the impulse approximation, hence we need a specific model of interaction which reproduces the NN scattering accompanied by the pion production in free space. We should note that the momentum of the outgoing protons can be largely different from that of the incoming proton. Therefore, the model of the production process should be also effective for the processes far from their on-shell condition.
Unfortunately, because the microscopic study of nNN reaction is insufficient, there is no suitable model of this reaction for our preliminary study. Therefore, we evaluate the elementary process in the knockout reaction by comparing it directly with the NN scattering process as I , 40.
•, --------/1': . . (
where the differential cross sections (do/dQ)A(a,ab'lc®"-and (do/dQ)A(a,ab'>c indicate the knockout process with and without the pion production, respectively. The cross section of the elementary pion production is denoted by  and Or is the reaction cross section of the NN scattering. These cross sections are evaluated at the energy of their c.m.s. This treatment provides us the information about the magnitude of the resulting cross sections sufficiently. In the sense that the pion is produced by the NN scattering, it is also effective to the angular distribution. The descriptions of the NN interaction are frequently studied and well established over the wide range of energies and momentum transfer.
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H 1 > They provide fairly accurate description on the NN scattering especially in free space and are considered to be effective for the off-shell kinematics. In this paper, we use the Love-Franey type NN interaction/ 9 > which is suitable for energies from 50 MeV to 1GeV. Figure 3 shows the cross section of the pion production process taken from Ref. 16) and the reaction cross section of the NN scattering from Ref. 17), respectively. As is shown in Fig. 3 , the cross section of the process np-+ n-pp, is still quite small at the energy we concern (400 MeV). In this paper, we make use of the following estimation from Fig. 3 : Oab-1r-ab'/or~1/40 at 400 MeV. § 
Numerical results and discussion
In this section, we give the numerical results for the 208 Pb(p, 2p)2°7Pb"-reaction at 
...::"------'-''----'-----'-60-_j
c: ed in Table I . We also give the maximum value of the cross sections for each neutron state on the proper kinematical condition in the same table.
As clearly shown in Fig. 4 , the production cross sections are sensitive to the kinematical condition. Because the numerical calculations on various conditions throughout are extremely time consuming, we have selected several optimum settings which are suitable for the production of pionic atoms. Now, we discuss the details of our analysis. At first sight, the cross sections for the initial neutron in the lh91z and li1312 states will have large values because they are considered to be filled with more neutrons than other states in 208 Pb. And also because the wave functions of these states have large overlap with the deeply bound pion around the nuclear surface: We have assumed that the pion is produced at the (4) will have the maximum value where the overlap of the wave functions between neutron and pion is maximum because of the short range nature of the NN interaction. Figure 5 shows the bound state wave functions of the pionic 1s state ( ¢hAx(rtrc)) and of the neutron in the 3sll2, 1h9!2 and 1 i1at2 states ( r/JLA{rbc)). However, our calculated results given in Fig. 4 show otherwise.
To explain the inconsistency mentioned above, we must look further into the details of our analysis. Let us consider the plane wave approach by replacing the distorted waves x1~~&(kac, r), x1~~1'~-(kbc, r) and x1: 1.a(kaA,ar) with the plane waves, which makes the mechanism of pion-production simple but does not lose the generality of our discussions and the results are applicable also in the case of the distorted wave. We consider the next integral (7) which we obtain from Eq. (4) by replacing the distorted waves by plane ones and integrating over the angular coordinate, where ¢Lx=o(r) and r/JL(r) are the radial part of the pion wave function and that of the neutron, respectively. The momentum k = lakaA-kac-kbcl appearing in the spherical Bessel function jL(kr) is closely related with the recoil momentum of the pion in the final state. Figure 6 shows the overlap among the bound state wave functions ¢Lx=o(r), r/JL(r) and jL(kr) with regard to the 3sll2 and 1 il3t2 states.
It is clear from Fig. 6 , jL(kr) spreads out widely for the large L, which is equal to the angular momentum quantum number of the bound neutron, and has a small overlap with the wave functions of the neutron and pion. This is the reason why the cross section for the 1i1a12 state is small. The same is true for the 1h9t2 state and the other ones. From this point of view, one may say that the angular momentum matching between the bound neutron and the produced pion plays an important role in the resulting cross section. We emphasize again that the momentum k appearing in jL(kr) closely related with the recoil momentum of the pion, which is fixed by the scattering conditions. The resulting cross section is sensitive to the kinematical conditions, such as the momenta of incoming and outgoing protons, scattered angles of outgoing protons or the Q-value of the reaction.
While there may be more desirable condition, which is not included here, the order of the cross sections listed in Table I are less than 10-2 t-~b. If we are concerning the spectrum of the reaction with fixed kinematics, we must distinguish between the detected protons from the production process and those from other reactions. Because of the large Q-value of this reaction, it is fairly expected that there is no considerable reactions just below the pion threshold. Consequently, the possibility of finding the deeply bound pionic atom in final state is determined by the accuracy of the experiments. As we noted in § I, the use of protons as a projectile reduces the systematic errors of the experiments, however, the calculated results are still small compared with the experimental background of usual (p, 2p) reaction, which is available so far.
Note that we have focused on the pionic Is state while the pionic 2P state will be more favorable for our discussion because of its large overlap with nuclear states. However, the production cross section of the deeply bound pionic atoms does not change significantly and estimated to be still small even if we use the 2P wave function for our calculations. Although we should consider this state for the observation of the deeply bound pionic atoms in the experiments, this is beyond our preliminary analysis (and is also a time-consuming work) due to the complex dependence of cross sections on the wave function. § 5. Summary
We have studied the production of the deeply bound pionic atom through the (p, 2p) reaction. The cross section for the 208 Pb(p, 2P) 207 Pb,.-is calculated for the incident proton energy 400 MeV. The produced pion is assumed to be in the pionic Is state. We have used the factorization approximation in the DWIA formalism of this reaction. The calculated results show that the cross section is sensitive to the kinematical conditions, e.g., the scattering angles, Q-values of the reactions and the energies of outgoing protons. Furthermore, we have shown that the angular momentum matching between the bound neutron and the bound pion causes a significant effect on the magnitude of cross sections. Using the plane wave approach, we have shown that these results mentioned above can be simply explained by the overlap of the wave functions. This point is in accordance with Refs. 6) and 7) with respect to the dependence of the cross section on the kinematical conditions.
Although the experiments of the (p, 2P) reaction is considered to have several advantages, our results are discouraging with respect to the observation of the deeply bound pionic atoms, as far as we are concerning to the pionic Is state. The signals of the production process in the spectrum will be buried in the background, at least in this energy region. This is mainly due to the small cross section of the elementary pion production process (i.e., roughly 2.5 % of that of the NN scattering, around 400 MeV). As we saw in Fig. 3 , the cross section of the elementary pion production process rapidly increases with the energy of the incident proton. Above 700 MeV, it reaches over 50 times that at 400 MeV. Therefore, if we are concerning the higher energy, we can expect to find a significant signature of the deeply bound pionic atoms.
We should note that we have used the reaction cross section of the NN scattering (ar) for the direct comparison with that of the pion production in Eq. (6) . The reason for this treatment is that the elementary NN processes appeared in the A(a, ab')C reaction are calculated on the off-shell condition. So we consider the reaction cross section must be used to evaluate the right-hand side of Eq. (6) . It is, however, open to question that the Love-Franey type NN interaction used in our numerical calculation can be applied to the NN scattering with the pion production, because this interaction is constructed to reproduce the elastic NN scattering.
The signals of the production of the deeply bound pionic atoms may be also significant for the spin observables, such as the analyzing power, spin correlation parameter, etc., while we have focused on the cross sections here. However, it is beyond our treatment of the reaction, in which we have made rough estimation for the elementary process to estimate the spin observables. The more accurate treatment for the elementary process is necessary for such estimation. 
